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“1’hc  AI Jl[udc Con(rd  Expcrinlcn(  (AI.lCE)  is a balloon
sys(cnl  [bal consisls  of a helium lif[ing balloon and a
[>~l{)y;~(~cy-cc~  l~(l-c~llillg  t’1-con R I 14 balloon. Condcnsalion  or
t’rcon gns in Ibc cooler upper atmospbcrc and vaporization of
liquid freon in [hc warmer lower atnmspbere can be effectively
used (o acljust  [he net buoyao( force so that the balloon system
may lloaI bc[wecn  desirable ranges of altitudes.

“[’his  report sutntllariz.cs  cfforls to produce an analytical
nmdcl [0 Imdict  (I]c performance of this type of altiludc  control
balloon in (IIC  earth’s  a[mosphcrc, Various in[crac[ivc
paranlclcrs  that arc in(lucntial to (be dynamics of (be syslcn)
were idclltificd and trc:lted.  I’l)c analytical nlodc]  developed
Ilcrcin correlated WCII with (111-cc  ALICE day ftight [r;~jcc[orics
and one AI. ICE  night flight (rajcctory  in the earth’s
a[nmsphcrc,  A similar approach can bc applicct  to (he design of
a Vcnusian balloon systcm Ihat could rcpcatcdly [ravel to the
Iowcr,  hol al(iludes  or surface of Venus for imaging or science
ckpcrimcnts  and then rhiil bigbcr in order to cool the
Clcc[ronics,

1. Introduction

‘1’hc cotlccpt Or using the phase change  of a fluid 10 control
a balloon altitude in the atmosphere of Venus was originally
conccivcd  by hfoskalcnko et al. I in 1978 and was expanded by
JPL in 1993210 apply to [be atmospheres or other  planets,
including car(h,  In summary, :1 phase change  fluid may be used
in a plmctary  atmospbcrc  to produm  a net change of buoyancy.
In tllc waI Incr lower atmosphere, (he fluid cvapm-a(cs and fills
a balloon, tbcrcby displacing more air and creating a net gain in
buoyancy, nllowing lhc balloon 10 rise. In the cooler upper
atmosphere, Ibc Iloid condcnscs,  (bcreby creating a net
dccrcasc  in hLIoyancy  that allows [he balloon system to
dcsccnd.3  Understanding tile operational characteristics of such
a balloon systcm on Iial-th is essential t_or designing one to be
used in (hc Vcnusian atnmsphcrc,

A conlprchcnsivc  test progratn known as the A1.tltudc
Control lixpcrin~cnt  (AI .lC1l) was initia(ccl  in JLIly of 1993 to
prove (he bmic principles.4 Al[cr  careful considerations of
industrial silfcty and environmental concerns, freon R 114 was
sclcclcd as (IIC control lirlg fluid. 1 Iowcvcr, since t_rcOr~  g:is  is
heavier than air, tbc addition Or a bclium balloon was neccssat-y
10 provide tbc ncccssary  Ii fling force,

The decision [0 LISC R I 14 as lhc cont[-oiling fluid posed a
technical challcngc.  Since R 114 gas is very heavy (n~olecular
wcigh[  = 1 70.9), it cannot displace a Iargc  volunle of air, and
lhcrcforc  canno[ produce a large lifting force for a given
W,cigt]l.  ‘1’llcrcroi-c, for a balloon systcrn [0 float at a neutrally
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buoyant altiludc with 1 kg of pal-( ially Iiclueficd  R 114, the
helium balloon must provl(ie ii liti  in the narrow range of (),83
to 1 kg, This nmrgin must bc maintained rcgwctlcss  of the dry
wcigbt  of [he systcm.  ‘1’bc[rfore, this margin will bc a smaller
percentage compaled to tllc helium lift as the dry weight of the
system increases.

‘1’hc control margin, ckprcsscd  in terms of the ratio or the
conlro] folcc CILIC to phase chan~e  of R ] [4 to the net lift of the
helium gas, is generally on the order of 10% or less for the
ALICE  flights. Since tbc con(rol margins are small, a variety of
ractors  call easily upset the dclic:lte force balance of the baltoon
system ard prevent a successful Ilighl, These factors include
[be effect of [hcrmal  radiative and convective beat [ransfcu on
balloon rluid tcmpcraturcs,  leakage d lhc balloon fluids, and
the rates of freon condensation and evaporation. [:or example,
the first two balloons launched by JP1, at UCLA in July of
]993  dcn~onstrakxi reduced ]ifl near the condensation allitude
but failed to descend, An iitl:~lysi,s  of the flight tr:tjcclory of
A1.ICE  0/13 indicated that a full condcnsa[ion  of R 114 probably
occurred, hut solar hcatinx or the helium gas might have
pl”odLlccd a ]ifl  thal cxcccdcd the range of forces controllable
by tbc frctm balloon.

Since [I]c condensation and vaporiution  of 1<114  canno(
produce a dominant con[r(ol  force, other related parameters ~hat
can alter the dynamics of tllc balloon systcm n}Llst be
invcsrigat cd. Analytical srudics on a hcliun] balloon were
performed by Carlson  and } Iorn 5, Ibis work provided an
excellent starling point ror tbc present investigation.

II. Outline C)f ‘1’hc ‘1’hcory

~’bc equation of motion closely follows that of Carlson and
}Iorn 5. T“he balloon sys[crtl consists of a primary (helium)
lifting balloon and a bl]clyiillcy-cor]trolli]lg  secondary (freon)
balloon a~ illustrated in Figure 1. Generally, [he secondary
balloon c<mtains supcrbcatcd  t_rcon  gas and subcooled freon
liquid. Tlierefore,  a three-balloon analytical model is required
to dcscrit,c the rllotion of tllc altitude control balloon system.
The three-balloon rnodcl  consists of a primary (helium)
balloon, :1 g:iscoos frcotl  bal Iootl,  and a liquid freon balloon, 1[s
motion is govclmcd  by the following relation:

where,

fnxy,5 : m,<,, - J: (<, + i:, ) [// (2)

~,, = Ilcliurn leak rate (],rinlwy  balloon)
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l:igurc 1. Aliludc control cxpcrinkmt  balloon systcm

{, = freon Iczrk rate (secondary balloon)

v = v,, + V,g -t v,, (3)

~Ieat Balance

W,)g d z
(// = $)g,  - P“ Vp ~ 2(  - fp Cp,lle Tip

dQ,f  _
– ~{\lf(1I

(4)

(5)

(6)

(7)

(8)

llcat  J-’lllx

“1’bc  primary balloon shape is nearly spherical for ALICE
0/13 and AIJCI; O/C. ‘[’k heat flux cqtrrdions can be written as:

+ cr[\,~7K\, - 7j,) + CfIpfJTa  - 7j,)

- r,,,,,cffdjl +- Fp,,,c@7/l,:]sp (9)

and

4 -  Tfi,4)qfjg = [~a,,gcitt 1 + I,) + cpint~7gp
‘ 4 + $,gcrld’IH1 41s/)-  clll,l/(7’g/,  -  7jj,) -  ‘p$pr~ gf> (lo)

Since the balloon film is semitransparent, tbc effective
tbcl-nwd  radiative propel-ties due to “greenhouse” effects can bc
clescribcd as 5:

(%crl’  =  C+,i 1 +  -  ‘f’’’’’’’!!]  - %J] - r,),,,,o,(~ - a,,R)) (11)

E{)g % M

%~~~~ = 1 -  rl,,,,(l  - F,)g)

[‘Wff = $,,,  1 + -- ‘J 1- ‘I~fJ1- rl,n$(l  - C,,g))
al,g T1),VSOI

~,)gef[ ‘ j .’ r,,,,, ~o,(l - a,,g)

q)g ~,)w
%@f  = I rr,%,(l  - F,,x  )

(12)

(13)

(14)

(15)

As shown in Figure. 1, tllc secondary balloon is basically a
rectangular polyethylene bag hcf’ore it is filled with freon.
T’hereforc,  when the ballooli is inflated, the shape may not be
spherical. It] order to avoid ovcrestinlati[)g  the radiative heat
transfer, }Iowevcr, and to obtain a solution indcpcndcnt of the
balloon o! ientation, a spherical thermal radiation beat  transfer
model sinlilar to that of the primary balloon is used to analym
the secon(lary  balloon. This is a reasonable simplification since
thermal radiative proper lifts of a gas depend on the thickness of
the gas layer and the tbcr[rml radiative heat transfer rate

depends on the shape factor between the radiation source and
the receiving body. l’hc thermal radiative heat transfer surface
area for the secondary balloon then becomes:

where

(16)

(17)

Enhanced convccti ve heat transfer is desirable to accclcratc
condensation and vaporization of tbc freon gas to achieve a
rapid al[ltude control. “1’bcrcforc,  a different aerodynamic shape
of the secondary balloon must bc used to reflect the realistic
design. If the aemdynan]ic  surface area of the gaseous part of
the secondary balloon is S,8, then the heat flLIx equations arc:

(18)

and

As with the primary balloon, the cffectivc thermal radiative
propel tics of tbc secondary gaseous balloon can be expressed
similal to eqns. (1 1-15).

I;OI the secondary balloon shown in I;igurc 1 (ALICE OK),
the polyethylene hag hns a length L and a width W before
filling. The aerodynamic surface area is approxinlatcly:

S, R=2LW (20)

~]},on condcnsalic>rl, the tiquid freon is assumed to stay :It
the bo[tom of (1)c polyethylene bag and form a half horizontal
cylinder. In this case, the half cylinder has a diameter:
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and a surface al-ea:

(21)

s,,, = ; w 1)$, (22)

Since this area is smrrll,  thermal rartifitivc  heal transfer is
probably mall compared (o convcc[ivc  hea[ transfer, and this
area is thus used to analym both modes of heat transfer. Also,
since the heat capacity of the liquid is considerably larger than
that of the polycthylcnc film containing it, the heat content of
the secondary liquid balloon can be approximated by that of the
liquid freon only. I’hc temperature of this liquid balloon is [hen
$CqLltl! to (hc temperature of the ]iqrrid freon. This assumption is
adcqoa[c  in view of (hc low heat flux for the “slow” moving
balloon and the adequacy of nucleate boiling characteristic of
the liquid freon. I’bc only contribution of the polycthylerre film
is to rccfucc  the cffcctivc absorptance  and cmittance  of the
freon Iiquic{. Therefore, the heat flux equation for the liquid
pal-t o f &  s e c o n d a r y  b:illoon (AI-ICI  10/C) is: “

1.

2

3

()I
id =  [G a,dcff  j +  ~p + ~J/cr@  (7’BB4-7’1,4)

+ c} fya(7;-7’/,,)]s$1

cwve.c[~vc.l  Ic~N_llr[ln.sfer.CLo&ficicn  ts

Primary balloon film-to-air –- sphere 5

Nussctt nun]ber for forced convection:

0 6  (v,, < 53800)lV141  = 0.37 Rr!

NM, = 0,74 Re06 (V,, 2 53800)

Nusselt number  for free convection:

NU2 = 2 + 0.6(Gr  Prfl)”4

(23)

(24a)

(24b)

(25)

Nwssc][ numhcr  for primary balloon filn-to-air  convection:

NM = MaX{NM,,iVM2  ) (26)

I’rimary balloon helium-to-film -- sphere 5

Nussclt  number:

rVN = 2,5(2 + 0,6 Rn”4) RII <1.34681 x 108 (27a)

NM = 0,.?2.5 Rn”J RII 2 1.34681  X 1 0X (27b)

Secondary gas balloon filn-to-air  --- vertical flat plate 6-X

Reynolds number: ~{c ~ Pa 1, I[JZ+W7:  I
K,

(28)

Nussclt nunlbcr  for forced convection in air (Prfl = 0.7 l):

Nit,  = 0..5924 Re’n Re <487508.3 (2%)

NM\ =0.033 R#8-  7.58.3  RP 2487508.3 (2.9b)

“1’hc  Nussc]t number for free convection can be evaluated as
fo]lows  6:

Nuy =0,.51  .5 f//J”4 (30,,)

Nu, =-
2.8

( )

,,1 ;+-:2.8

Nu7

(m,)

Nu, =0.103R11”3 (m)

NU2= [(NM, )6+( NM,)6]”6  ]<h<lf)’2 (30d)

Nusselt number for secondary balloon filri-to-air
convection:

4.

5

NIt = Max{ Nu] ,Nu2 ) (31)

Secomlary balloon RI 14 gas-to-film -– vcrlical  flat plate ~

I’he Nussclt number can be calculated as follows:

NUT= 0.515 Ru1’4 (32a)

2.8 _NM,= - -

( )

~,, ,+~.g

N[17

(32b)

NM, = 0.1031 {11//3 (32c)

Nli= [(Nll,)6+  (N111)fi]i/6  l< Kr1<lOt2 (32d)

Secoldary  liquid balloon film-to-air ---horizontal cylinder 8

Nusselt number for fmced convcc[ion in air (Pr{J = 0.7 I ):

NIil = 0.38 + 0.44 Re’” Re <1297.742 (33a)

Nu] = 0.22 Re” 6 Rc >1297.742 (33b)

Nussclt number for ftcc convection in air (Pro = 0.71):

NU2 = [0.6 i 0.322 (101)’’6]2 (34)

Nwwclt  number for secondary balloon filnl-to-air
convcclion:

Nu = Max ( Nu] ,Nu2 ] (35)

A!lliES@!KiC  Model

I’hc current altitude control balloon is designed to operate
inside the troposphere of the F.arlb’s atmosphere, where the
ambicttt temperature decrcascs Iincarly with increasing altitude
until tlIc tropopause  (about 1 I km), Between the troposphere
and tbc mcsosphcre  (al[i[udc  >40 km) is the s[mtosphere,
which is ctmractcrimd  as having a constant tempe[-a[urc of
approximately - 55°(~, Using, these two characteristics of the
atn~osl]bcre and tbc perfect gas law, the tcmpcraturc  and
prcssu!c distributions inside lhe troposphere and the
stratosphere can bc dcsc[ibcd by the following relations 9, 1[):

“Iloposphcrc  (altitude z < Z,,O,,O,,,,(,,,,):

({7 ~,
7  (f = 7SCC7 kwl +“ -(jz z (36)
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[’(,  = (A - ]{ Z)” (37)

Stra[osphcre (alliltrdc  z 2 2,,,,,){,,,.,,,,):

T, =  7;,,),,<,,,,,,,,,<, = “55°~ (38)

1’(, = p ,] ,,,,,,,,,,,,[,  ~,. exp([i  -17 z) (39)

Since avia[ion  wcatbcr  data arc available in a tabulated
forol, these a[mosphcric  cons[m[s  can easily bc obtained in
conjunction with (tic spccifiml scl of weather data.

The atmospheric model can he modified to incluclc the
inversion Iaycr found in the 1.OS Angeles basin. This can bc
done by assuming that (bc tcmpcraturc  is uniform within the
inversion layer. In this situation, the temperature slope of the
troposphere must bc evaluated using the temperature data at an
altitude above that of tbc inversion layer and below that of the
tropopausc,

The blackball model of Reference 5 representing the Eartb-
air infrared radiative input to tbc balloon system was adopted
for the present analysis. Normally, TIIB decreases linearly from
a ground (inside inversion layer) value about 5.5 K below the
ambient temperature to a value at the tropopausc.  Above tbc
tropopause, 7rl[l  is assumed to bc cons[ant.  The blackball
temperature above the tf-opopausc for low altitudes and/or thick
clouds is:

7’BII  = 214.4-0,20. (Yo of cloud cover) (40)

For [bin, high cirrus clouds:

7’”[{ = 204.4K

And the Ilrr[b’s rcflcc~ivity  (albcdo) is:

rc = 0.18 +- 0.00.?9 (’70 of cloud cover) (41)

Gas. I .iquic!. ml Balloon FihuJrwr~r~al  Kacliati@Jgwc!ifs

I’hc thcrnlal radiative pl-opcrtics  of polyetby]cne  and
helium gas arc listed in Reference 5. Additional lhcrrnal
radiative properties that arc essential to the present analysis
were measurecl at J M, using spectral data, and appear in Table
1.

Generally, the spectral da[a was measured for wavelengths
bctwccn 300 nm and 2500 nm, which is .sufficicnt  to evaluate
the solar radiative propcr[ics of a material. For infrared
radiative properties, additional spectral data mcasurcmcnts
were made to extend the wavelength to 18.3 }[m.

I

I . ..-’-I’olydhylenc

I.alcx  Rubtvxl

1.”---”-Ilcliuol Gls

Rl14Gas—

IEKw!!-

l’able 1, [Gdiativc Surface PrOpcr{ics

1, I 75% Iincar slrdchcd
2. Eslimalcd

Qtlx”.  M M!mfQE

The virtL]al mass coefficient c,,,  is assumed to be 0.53. A
drag coefficient C,, = 0.8 correlated well with flight da~a A
standard solar  constan[,  G = 1396 W/m2 = 2 Cal/Cn  Iz rein, is
also used,

[’base Sc~rxr~igi.offlbc_Secondwy  B:llJoa.——

I’hc secondary balloon consists of a liquid balloon and a
gasccrus  balloon in the same bag. I’he temperature of the gas is
generally different from tha[ of the liquid. Aflcr rccciving heat
or undcrg(ling an altituclc change, some liquid may evaporate (O
produce gas whose tcmpet  aturc may bc different from that of
the pre-existing  gas. Similarly, after rejecting heat or changing
altitude, some gas may condcnsc  to produce liquid whose
temperature may be different from that of the original liquid
pool. This newly pl-oducerf  liquid will mix with the original
lic~uid  to form a new liquid pool, or newly formed gas will mix
with the original gas to fo[ m a ncw gaseous balloon state.

~1,. S.olU@D  Apmoach

Equations (1), (14) - (18), and

dy
Z=- w COS9

<z = u,(it

(42)

(43)

(44)

complete a system of nine first-order differential equations
describing the motion of tbc balloon system, where w is the
prevailitlg  wind speed and @is (he wind direction (measured
clockwise from north)

Nult,crical  solutions of this set of equations can bc
performed to obtain the three-dimensional balloon coordinates
in terms of fligh( time. l’hc numerical method used in the
present investigation is either simple stepwise linear
intcgratlon,  or Rungc-Ku[ta 4th-order methodology. Since
most of the present calculations require a 2-second numerical
integration step to assure  the desired numcrica] stability, and
the Ruttge-Kutta  4th-ordrx’  nlctbod can not improve the
accuracy of tbc lcsults with this fine step, using the simple
linear itltcgration method is sufficient to obtain an accurate and
reliabk  solution.

lhc most frequently encountered numerical instability in
perfortlling  this intcgra(ion is an overestimation of the
interchange heat transfer rate between the balloon gas and the
balloo[, film. TIIC exchange of heat between the balloon gas
and the balloon film is ii~conlplished by tbcrmal radiation and

frc.c convection heat transfer, as dcscribcd earlier. ‘Ibis heat
exchatlge rate can easily bc overestimateci  and results in an
unreasonable oscillation of balloon film and gas tempcra[rrres.
l’his instability can bc partially alleviated by imposing a
constraint derived from the first law of thermodynamics, by
linlitilig the maximum interchange heat exchange rate to a
value [hat will establish a tbcrmal equilibrium between the gas
and the film at the conclusion of the heat exchange process.
Although this Inctbod is effective to some extent, it may not
clirnitlatc the problem completely. in that event, a smaller
intcgl ation step siTe is (equired to continue the numerical
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in[cgrwion  and to yield z wasonable  solu[inn.  Further
investigation is nCCCSSaI-y  to illlpruve  [his numerical scheme.

‘1’hc computer code was written in Microsof( F.xccl, Version
4,0, which is ustihlc by both Windows an(i Macintosh
platforms, Two input worksheets are used to tiescl-ibc the basic
balloon paralnctcrs  and the at[liosphcxic  model. A macro sheet
is used IO perform the numerical integration. I)akI gencra~ccl by
Ibc mac[o shcc[ computation is rccordcd  in an output
worksheet, Since various charls  at-e linked 10 the otrtpu~
worksheet, tbc results of the numerical calculation can bc
clisplayccl  either in a tahula[cd or graphical form.

Ml. Discussion

I’hc driving force of the balloon sys(cm is the net lifting
term of I:q. ( I ), g (p,l V- I}t,y,).  Since the volume disphrced by
lhc liquid freon is small, its”con[ribu[ion  to [he lifting force is
negligible. The lifting force thus [akcs the form:

Itl(i,y )} (45)

T’hc first term of the cqua[ion is [be ne[ lifting force
provided by the helium gas. The second term is the buoyant
fol-cc for the freon gas, which is the altitude control force, The
thircl tel-m is the dead weight, which consists of the dry weight
of the balloon system and the total weight of the freon (gas and
liquid).

If the LJZLI1OOII is traveling upward in the troposphere, the
freon gas will reject heat to the lower ambient temperature and
conrtensc, Condensation reciuces  the mass fraction of the freon
gas, and thus reduces tbc lift of the system. On [he other band,
if tbc balloon is traveling downward, the freon liquid will
absorb beat and evaporate. Evaporrrtion  of liquicl freon
incrcascs the mass fraction of freon gas, and thus increases the
lift of the system. ‘f%creforc,  condensation and evaporation of
freon provide the ncccssary  restoring force for the balloon
systcm  to stay at a floating allitur.tc. This altitude control
scheme can be effcctivc only when the restoration force is large
enough to rcvcrsc  the direction of the system lif[, however. in
other words, if [be balloon system is traveling upward, the net
Systcm lift most bc negative before full condensation of fI’cOll
F,:IS occurs. Similarly, if lbc balloon is traveling downward, the
net system lift nmst bc positive before full vapol-iTation  of
freon liquid occurs.

Under an idealized condition that ‘I’gp = Tg$ = “I’a, Equation
4S for a bcliom/R 1 I 4 balloon system can be reduced to:

Therefore, tbc buoyant conlrol  force is only 1.66N (1.iftlg  =
0.170 kg) per kilogram of freon. Since the control force is
small, the helium leak must bc strictly controlled to sustain a
prolonged flight. Also, the effect of thermal radiative beat
transfer on the tcrnpcraturc of the helium gas must be carefully
evaluated, so that proper helium fills can be selected to assure a
successful flight.

N= ‘1’csl.r<dh

Al ,!.C[ ‘l/&.

ALJCf.  0/[1 was a day flight alt;rudc  controf  balloon sysLcm
]aunched  at 10 a.m. on July 29, 1993 from UCLA. l’bc
hreakdowl  i of the sys(cm n Iass is indicated in Table 2. The
post-flight analysis suggests that the fleon gas was fLIlly
condensed at an altiLude of ilbo~lt 10, i 50 m before reaching the
llopopaosc at about 12,345 m, The balloon syslcm  continued to
travel upuai-d into [flc stratosphere, wberc the ambient
tenlperatu[”c  was about -55°C.  Three hours after hlLIOCh,  the
balloon cllmbcd to an alti(ude of 13 km and terminated data
transmission. Due to a lack of flight data, the trajectory after 3
flours of flight was unknown. JIowcvcr,  the present theory
indicates that the balloon continued to travel upwarci.  L)LIC to
the decrease in pressure in a uniform temperature stratosphere,
the freon liquid woLIkl start to vaporiTc at an al[ituclc of about
22.4 km and accelerate tbc ascent of the balloon system (Figure
2). Althollgf)  the balloon had a free lift of only 1. f9N (Lift/g =,
121 g) wtlcn rncasurcd  in IIIC shadejus[  before launch, as

l’ahlc 2, AI,ICII  W, C, 1) Weight Breakdowns
. — .

F’:: - “ -

~—’-” rlhll Paykxl[l 1’[>(:!1
Al .ICI,,  0/1) (grams) (gram) (grdnls) (grams). .-

P[inwy  rhl[oon 249.43 303,4 ),s 55463
(Helium)
-.

Secondar
Y

996 1 W 9.4 [1(44
Balloon t I em
RI14)

SLndiosondc 184.1 1841
Asse!ubly~:oyil:

18s313
-.— —.. .—

.--— ———— ---

1. [k
ALICI  O/C (gmlm)

Prinmy  Halloon l . .333.92
(tlclium)

Sec<mdar\ 1001.2
RalloOn (Ircm
Rl14)

Radiommlc
Assembl) I
‘1 OTAI. \
—-— ——— ..—

lls.5”  - M.; ‘- 12r l l .2 -

3965 ““ “- 3YG5

1. -.

2397.72
I

[“j[- -: --:
--— ———. —..

O<l! r’llm Paylmd 1’0[s1

ALrC’11  OK) (glall,s) (grams) (granls) (gmnls).
Primary l~allom 4(YI 815 lol r~28--”
([[ctiun,)

~~%oll
I o(x) I 57 485 1205.5

-. .—
Uxltnswde
Asscmhly

471.9  - 47i .9

~ ~l,Ar 30L;  ,4
--— ——  .—. .— -

30
Alice O/Et (7/29/93 10:00 am)

~ 25

;. 20
c1-J 15
~
tj 10

—  T h e o r y

<
5

0 -.+- + -
0 1 2 3 4 5 6

FLIGHT TIME, hours

tlgure  2. Al JCI;  0/11 altitude vs time
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calculated  from lkl.  (46), it is very likely tba( the effect of solar
heating of lhc helium balloon was Llnclcrcstililtl[  c[l, so that
A1.lCI~ O/IJ W:IS ovcrf]llrxi with helium. The excessively filled
Ilcliunl balloon produced a systcm  lift beyond d)c control
margin of dm freon balloon.

AI,lCE  WC

AI.IC13 O/C was designed [o validate  the concept of
achieving altitude control of a balloon system by the
condcnsa(ion  of freon gas, and to verify the accmxrcy  of the
newly formulated [bcory. ‘1’hc secondary balloon was a simple
rectangular polyctbylcnc. No efforts were made to accelcra[c
Ihc evaporation process of liquid freon. In order to elimirratc
the effect of solar heating, the balloon was launched at night
(9:2 I p.m.) on I:cbroary  24, 1994 from JPL. Prc-launch
calculations were made using an estimated dry weight of 1.006
kg and I kg of freon. The werrthcr  data were measured at Poin[
Mugu a[ 4 a.m. on IkAruary  23, 1994. Thermal radiative
properties of tbc balloon materials used in these calculations
were eitbcr n]casLwed  or cslimatccl  from the ALICE O/B flight.
Apparently, it is possible to select an appropria[c helium fill [o
keep the balloon afloat  ove[-nigh(  at an altitude below 14 km.
l’hc balloon would lhcn ascend upon sunrise, due to solar
heat ing.

A decision was nmrlc to launch the balloon system at a free
lift (measured in a high bay near the launch site) of about 1.82
N (l,ifl/g = 185 g). Although this selected launching free lift
appeared to exceed tbc maximum freon control force of 1.66 N,
this level of helium fill was very conservative in view of
analytical results for a night flight, The nature of this flight
would be sufficient to demonstrate the condensation of freon
gas as a means  to control the balloon al[itude, although the
amount of helium carried on board and tbe heat transfer
surfaces provided were insufficient to vaporize the liquid freon
to regain the altitodc doring dcsccnt.

Using the actual flight system mass (Table 1), updated
weather data, and slightly adjusted thermal radiative properties
of balloon materials, the results of the post-flight analysis are
shown in Figure 3. Tbc correlations bctwccn the [heory  and the
zrctunl  flight data are excellent. I’hc ALICE O/C flight achieved
altitodc control by the condensation of freon gas. The
anzrly[icnl  model occura[c]y prcdictcd the bcbavior of the flight.

;~=’”i ‘m) “-—

0 1 2 3 4 5

FLIGHT TIME, hours

lJigure  3. ALICE O/C altitude vs time

ALICE O/~

A1.ICE  0/1> was laonchcd at 9:03 p.m. on July 24, 1994
from JPL,. lhc balloon systcm flew over the San Gabriel

Mountains anLI  the Mojave  I)cscrt,  and was sigbtcd tit Ltayhl-eak
the next day at Daylight tlrss  on the nordm]st rim of Death
Valley. Gtoond  vehicle chase tern~inatcd  at about 8:00 a.m. as
the hallootj flew over Nellis Air Force Range and (he Ncwrcia
N.uc[ear I’cst Site. I)ata acquisition continued until  loss of
signal occurred at I I :20 a.m., July 25, as the balloon passed
over the horizon, Actual  flight data compared favorably with
pre-launct) mode] estimates of balloon behavior. Figure 4
shows data from ac[u:tl flight in a thin line, and the post-flight
analysis it) a bold line. I’he topography under the ground track
is constructed from the altitude data, wind profile, and tcrr’ain
elevation obtained using Microcomputer Spectrum Analysis
Model (MSAM)  software ard the terrain data base of the
National I“elecommunications  and Information Administration
(N1’IA)  al,d is shown at the bottom of Figure 4. Figure 5
compares the veloci(y derived from the flight altitude profile,
using the mctbod of least squares, and that of the post-flight
analysis. L)ctails of tbc balloon system design data can be
found in Reference 4.
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Figure. 4. A1.lC[~  0/11 altitude vs time
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Figure 5. Al ,lC}l  0/1) vc!ocity vs tirnc

The pos(-tlight analysis indic;]tcs  that

1.

2.

The performance of the pleated liquid freon heat exchanger
can bc accurately e.stilnatcd by using a vertical flat-plate
model and a porosity factor of the liquid (void 10 total
volume) of about 30%. l’his is in line with [hc prc-launch
est itnate.

ALICE O/1~ clirnbcd to tbc first peak altitude about 30
minutes ahead of the prediction. ‘1’hc  prc-taonch calculation
assumed a spherical helium balloon similar to the latex
balloon used in the flight of ALICE O/C. Since AI.ICE O/D
used a polyethylene bag for the primary hcliorn  balloon, the
teal drop-shaped balloon significantly reduced the drag in
the ascending phase of the motion. An ascending drag
coefficient of 0.4 and a descending drag coefficient of 0.8
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4,

co[rc[atc  well with (he f’li.gbt  da(a. Ilowcvcr,  the rcduclion
in drag alone can nol fully explain the timing  of tbc firs[
peak. ‘1’hc correlation bccamc successful when tin LIpdIaft
i~nd n downdraft of 0.8 nl/s on the windward side and
Iccward  side of [he San Gabriel Mountains were taken into
ilCCOUIlt, as shown in the middle part  of Figtrrc  4.

The LInusua[  behavior of [hc last rwordcd flight cycle
shown in Figure 4 was riuc to the combined cffec~s  of a
brief exposure of tbc balloon systcm  to an intense rcflcctcci
solar Ilca[ing  (albcdo) and an updraft of zbou[  0.43 m/s. In
the middle of the first descending leg of (}1c  daylight flight,
the albcdo increased from a normal value of 0.18 to 0.278
for 90 minutes ilnd [bcn to 0.535 for 15-30 minutes. This
change in irlbcdo  could be explained from the observed
appcilrance of a low, white cloud over lhc horizon, 7’hc
updraft was probably generated when the air stream flowed
over the rough terrain and the thermal boundary layer
crcatcd by [hc cicscrt  beating in the morning hours. ‘1’hc
desert heating deserves spc.cia[ at(entirm  because the
tcrnpcraturc in Death  Valley Wm about 21°C at night and
ilbo~l[ 46° C at  110011  tirnc.

A[.ICE 0/1) acquired more than 14 hours of flight data. It is
possible to correlate the actual Icak rates of the balloon
fluids to the pre-latrnch  leak rate measurements. Generally,
the leak ri\te depends on the surface area of (I1c balloon, the
pressure of the balloon fluid (cqtral  IO the partial pressure
diffcrcncc bctwccn  the interior and exterior of the balloon
surface), If the leak is duc to permeation, tbc leak rate is
proportional to a permeability constant, which is a funclion
of tcmpcmture.  The relationship between the proportional
constant and the permeability constant was evaluated from
the leak rate measured before launch.  Permeation is not tbe
only factor that controls the leakage of the balloon fluid. In
order to separate its effects on the overall leak rate, a leak
constant that is indcpcnrlent of temperature was also
evaluated from the measured leak rate. The overall Icak ra~e
was calculated as the sum of the partiid  contributions of
these two factors. ‘1’hc overall behavior of ALICE 0/1>
agrees WCII wi[b tbc analytical model if 90% of hcIiLlrn leak
in the primary balloon is attribLltab]c  to permeation.

V. SLllllHlil[-y  and Conclusions

As a result of this effort, a thcrmociynamic model now
exists for predicting lhc bobbing motion of phase-change
balloons in the earth’s atrnosp}lcrc.  A nurnbcr  of important
things were learned during the course of this work. The first
W:iS tb~lt the bal loon r n a t c r i a i ’ s  tbcrlnodynamic  properties
especially soli~r absorpmncc,  arc very critical. liven the very

small  solar absorptancc  of 0.045 for latex rubber can mak.s the
difference bctwccn tropospheric bobbing or stratospheric
popping for this type of phase-change balloon system. Second,
fluici Icak rates must bc carefully measured for botb the
primary helium balloon and the phase-change freon balloon.
O[her  important parameters in the rno(icl  that were learned arc
the need to usc a different coefficient of drag for ascent an(i
clesccnt, how changes in ground contour affect flight
chamctcristics,  and the ncccssity  of accurately measuring gas
[crnpcratures  in sunlight. The groundwork laici in tbc
development of this unique modci for phase-chirnge  balloons
now rnakcs it possible to make similar models for bobbing
balloon systems for other gaseous atrnosphcrc  planets, as well
as for Titan, a gaseous atmosphere moon of Saturn.
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Nwm!lclature

cr[ms-sectional area, n12

siwcific hea[ of the balloon film, J/kgK

sixcific  heat at constant pressure, J/kgK

coefficient of cirag

convective bci]t transfer coefficient, W/n]2.  K = Nu x k/1>

vi[tual mass coefficient

cilaractcristic  Icngth

acceleration duc to gri]vity,  rn/s2

s(dar  corl.stilnt,  \V/n]2

(irashof  nulnbcr=  p,~A1’1,3/(v2)

e[lthalpy,  J/kg

tl,crrnal conductivity. W/rnK

Icak rate, kg/s

Icngth

[Ilass, kg

Nusselt  number

i,ressurc,  Pa

1 ‘randtl  nurnbe.r

Ilca( flux, W
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/’ ~ Iell(x(ancc

1( gas Cons( ant

Rn Rayleigh number = (ir x Pr

Rc Reynolds number= pl>U/p

s surface area, 012

t time, s

7 tetnpcrature,  K

u velocity, [11/s

v Volume,  n$
w  Widdl

W, downctraft,nds

}\, winci  speed, m/s

x,y,z balloon coordinalcs, m

cl solar absorphmcc

F infrared emittancc

f) wind direction, dcg

/1 viscosity, 1%.s

P density, kg/n~3

o Stefan-Iloltz,tllt~rl  constant = 56,69 nW/n~2 K4

T tranmitkrnce

v kinematic viscosity :: p/p

Subscript\

(1

B B

eff

f

8

int

1

P

s

sY~

lot

w

airor ambient

blackball

cffcctivc

film

gas

intcrchmgc

liqoid

pri]nary balloon

secondary balloon

balloon systc.n]

initial total

balloon film or 11< tlwr[nal radiative properties of balloon
filll)

WSOI solar  thermnl radialive propertiesof  balloon film
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